A series of polyurethane nanocomposites were synthesized from thermoplastic polyurethanes (with different hard segment ratios) and two types of organically modified montmorillonites (OMMT) -Cloisite ® 10A and Cloisite ® 20A. The thermal behavior was examined by non-isothermal thermogravimetry (TG, DTG), Differential Scanning Calorimetry (DSC) and Dynamic-Mechanical Thermal Analysis (DMTA). The results of X-ray analyses showed that the OMMT produced the intercalated polyurethane nanocomposites. It has been proven that the thermal stability and tensile properties of these new systems were higher when the organoclay was present within the polymer matrix. Moreover, these properties depend on both the OMMT loading and the type of gallery cations of the organically modified montmorillonites.
Introduction
The development of materials modified with nanofillers is the basis for producing of many sophisticated products. Presently, several works are being carried out aimed at reducing the dimensions of the existent materials, such as powders or metal oxides and to take advantage of new plastic processing technologies [1] [2] [3] . The first works with polymer nanocomposites were carried out during the 1980s by Toyota (polyamide nanocomposites) [4] , which started intensive research on these materials and the application of different polymer matrixes: i.a. polyepoxides [5] , polyethylene [6] , polypropylene [7] , polyamide 6 and 11 [8] [9] [10] , natural rubber [11] , polyimides [12] and polystyrene [13, 14] . Currently, research is heavily focused on increasing the scope of polymer nanocomposites, mainly in the electrical [15] [16] [17] , and automotive industries and in packaging production [18] . Polymer nanocomposites obtained from a polyurethane matrix and the adequate nanofillers offer a chance to produce new materials [19, 20] , where the least favorable properties of polyurethanes can be improved without compromising their best qualities. Unfortunately, this is very difficult to achieve with common chemical structure modification. [21] , but interest in them is high because of the enormous opportunities to develop their properties, and thus, opening new opportunities to use these materials in various areas of everyday life and in many industries. Therefore, the probabilities of finding useful applications for polyurethane nanocomposites are very high. Polymer nanocomposites obtained from natural clays of the montmorillonite type, which consist of layered silicates, have attracted a great deal of attention due to the improvements in the mechanical, thermal, and gas barrier properties of the polymer [22] . Montmorillonite is a natural clay belonging to the 2:1 phyllosilicates and its crystal structure is made of two layers of silica tetrahedra sharing some vertexes with an intercalated octahedral sheet of either aluminum or magnesium hydroxide. These silicates self-organize to form stacks with a regular van der Waals gap between the galleries. The existence of ionic bonds (e.g. Al 3+ replaced by Mg 2+ or Fe 2+ generates negative charges that are counterbalanced by cations like Na + , Ca 2+ or K + ) and the ability to form hydrogen bonds with water make montmorillonite highly hydrophilic and incompatible with organic polymers [23] . The properties' improvement upon organoclay addition is related to the morphological structure and the dispersion efficiency of the organoclay particles in the polymer matrix, which is associated with the compatibility between the polymer and the organoclay. For this reason, in order to achieve an optimal dispersion of the silicates in the polymer, it is of prime importance to modify the montmorillonite with various organic cationic molecules to render the silicates organophilic [24] . This paper presents the effect of Cloisite 10A [25] [26] [27] [28] [29] and Cloisite 20A [30] [31] [32] 
Nanocomposites preparation
In the first step, OMMT in an amount of 1% by weight was dispersed in PEBA by means of a homogenizer (5000 r.p.m., 80°C, 5 h) and an ultrasound bath. In the second step, a calculated amount of MDI was added to the obtained dispersion and the mixture was stirred at 80°C for 1 hour to obtain a prepolymer. In the third step the prepolymer was mixed with vigorous stirring with 1,4 BD at a 1.05 NCO/ OH molar ratio and poured into a heated (90°C) centrifuge drum. After the solidification (30 min) the resulting 2 mm thick band was annealed at 100°C for 6 hours to complete the reaction. Two types of non-modified polyurethanes were obtained, with different amounts of hard segments (TPUh -46% HS and TPUs -30% HS).
Nanocomposites characterization
Thermal analysis (TG and DTG curves) was performed using a Perkin-Elmer Thermogravimetric Analyzer TGA Pyris 1 at a heating rate of 20°C·min -1 under nitrogen flow and heating program 25-600°C. DSC measurements were made using a Perkin-Elmer Differential Scanning Calorimeter DSC 7 for encapsulated (aluminum pans) samples of ca. 3-10 mg at a heating/cooling rate of 20°C·min -1 under nitrogen flow. A second melting scan was also performed. The calibration of the temperature and heat flow scales at the same heating rate was performed with In and Zn. For the DMTA measurements an analyzer from Polymer Laboratories was used in bending mode (dual cantilever) (heating form -70 to 120°C at 10Hz frequency and 4°C·min -1 heating rate). The X-ray patterns of the crystalline residues were recorded in an X'Pert Philips diffractometer (source radiation: CuK "1 , " = 0.1546 nm, 40 kV, 30 mA) in the 0.5-10° (2# range) and at scanning rate 0.25°·s -1 . A Zwick/Roell Z020 testing machine was used to verify the mechanical properties of the samples (ISO 527, tension mode, speed 300 mm·min -1 ).
Results and discussion 3.1. Differential scanning calorimetry (DSC)
The thermal behavior of polyurethane nanocomposites and unmodified TPU was analyzed during a controlled temperature increase. For a system containing a low amount of rigid segments (TPUs), it was observed that the polyurethane nanocomposites melting temperature increased in comparison with its pure reference material ( Figure 1a ). For TPUs containing 1% of Cloisite 10A the melting temperature increases 2.7°C, whereas for the sample containing 1% Cloisite 20A the maximal melting rate of crystallites was observed to be 6°C higher than the melting temperature of the unmodified system. The enthalpy values of the transitions for the investigated systems containing nanofiller particles, connected with the melting process of the crystalline aggregates, are lower than those of pure polyurethanes ( Table 1 ). The lowest value of transition enthalpy was observed for the nanocomposite with 1% Cloisite 20A [TPUs(20A)]. The decrease in transition heat could be brought about by the interaction of the nanofiller plates with the rigid polyurethane segments, which makes the packing of these domains difficult. Thus, as a consequence of the presence of plates in the nanocomposite structure, the crystallization rate of the modified systems decreases. For polyurethanes containing a higher fraction of rigid segments (TPUh) and nanofiller particles, an increase of the melting point temperature was observed ( Figure 1b ). For TPUh(10A) the melting temperature increases 1.6°C in comparison with pure TPUh, whereas for the TPUh(20A) sample the temperature difference referred to the pure reference material was equal to 5.6°C. An interesting fact is that the transition enthalpy for nanocomposites containing 1% Cloisite 10A is about 1.7 J/g higher compared to TPUh, while for the system containing the second nanofiller, TPUh(20A) -the enthalpy value decreases at about 3.9 J/g ( Table 1 ). Most probably, nano filler Cloisite 10A, having a major chemical affinity towards polyurethane chains, can increase the density of the nucleation process and, as a consequence, a higher value of crystallization enthalpy for TPUh(10A) is observed. It is significant fact is that polyurethanes containing a higher amount of rigid segments also possess higher transition enthalpies. Polyurethane nanocomposites prepared using the organically modified montmorillonite Cloisite 20A, are characterized by higher melting temperatures compared to systems containing Cloisite 10A. 
Dynamic mechanical thermal analysis (DMTA)
The dynamic mechanical thermal analysis of the mechanical properties enabled the estimation of the glass transition temperatures of polyurethanes and systems modified by nanoparticles. Meaningful changes were registered for the storage modulus, which reached higher values in the modified systems, especially in the temperature range above glass transition. The highest value of the storage modulus, at room temperature, was registered for the nanocomposite containing 1% Cloisite 20A (Figure 2a) . It was also observed that the addition of both nanofillers caused the stiffening of the more elastic polymer matrix (containing a lower amount of rigid segments). For systems containing a higher amount of rigid segments in the polymer matrix, the shifting of the loss tangent to lower temperatures (3.6°C less than the unmodified polyurethane) was observed (Figure 2b) . For the TPUh (10A) system it was registered that the value of the storage modulus is higher compared to TPUh in the studied temperature range ( Table 2) . Addition of the second nanofiller (Cloisite 20A) to a more rigid polyurethane matrix did not produce a meaningful increase of the storage modulus in the investigated temperature range (Figure#2b) . This effect could demonstrate the significant interaction of incorporated nano fillers with the polyurethane phase. Relatively small amounts of nanofillers incorporated to the polymer matrix caused a distinct increase of the storage modulus values for the modified systems. It should likewise be stressed that systems containing a lower amount of rigid segments in the polymer matrix are more susceptible to interaction, thus the reinforcement effect in these systems is more visible.
Rheological properties (ARES)
The rheology of polyurethane nanocomposites containing Cloisite 10A or Cloisite 20A was examined in order to obtain information about the influence of nanoparticles on the rheological behavior of polymer alloys. The systems were measured at 200°C and 0.1÷100 rad/s frequency range. Nanofiller plates in the systems containing either more (TPUh) or less rigid segments (TPUs) caused an increase of the viscosity of the obtained nanocomposites. For the TPUh(10A) system the highest dynamic viscosity was registered, in comparison to nanocomposites TPUh(20A) obtained using another nanofiller. The opposite behavior was measured for two systems with the lowest amount of rigid segments, where higher viscosity was registered for the TPUs(20A) system. Additionally, TPUs nanocomposites and its TPUs equivalents had higher viscosity values, compared to the values registered for nanocomposites with a more rigid polyurethane matrix and their pure equivalent (TPUh) (Figure 3) . The dynamic storage modulus (G!) as a frequency function for studied systems has a close characteristic through the whole frequency range (Figure 4a,  b) . The highest storage modulus values were regis- tered for the TPUs(20A) system. Furthermore, the G! modulus for TPUs, TPUs(10A) and TPUs(20A) systems were higher than for TPUh, TPUh(10A) and TPUh(20A). For polyurethane nanocomposites obtained using Cloisite 10A and Cloisite 20A, the dynamic loss modulus (G%) as a function of the frequency had higher values in comparison with G% for their pure equivalents (TPUh and TPUs) (Figure 4c, d) . The highest values of G% were registered for TPUh(20A) and TPUs(10A). Furthermore, TPUs nanocomposites and unmodified TPUs had higher loss moduli through the whole frequency range had higher loss moduli in comparison with their more rigid equivalents TPUh.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis is one of the most important methods used to study polymer nanocom- posites. The results of these experiments make the description of the nanofiller influence on the improvement rate of polymer thermal properties possible. Nonetheless, even for commercial nanocomposites, it is possible to find results of studies that indicate the absence of thermal improvement for modified polymers. The fact is that the preparation of nanocomposites with better thermal parameters than the initial materials is difficult. For all samples the weight losses for the first and second stages were observed (Figure 5b, 6b) . The first weight loss during thermal degradation of TPU's is due to the degradation of the hard segment as a consequence of the relatively low thermal stability of the urethane groups whereas the second weight loss has been associated to soft segment decomposition [33] . According to the analysis of the results obtained for nanocomposite systems containing lower amounts of rigid segments in the polyurethane matrix (Figure 5 and 6 ) a clear improvement of the thermal parameters is visible. Temperatures, at which 95% of the initial mass of the sample remained, are higher for nanocomposites TPUs(10A) and TPUs(20A) than for the unmodified systems -differences of 9.3 and 13.6°C, respectively (Table 3) . Especially obvious is the shifting of the dP zm /dT curve maximum. For TPUs(10A) and TPUs(20A) a shift of about 22.8°C towards higher temperatures can be noticed, which indicates a considerable improvement of thermal strength in nanocomposite systems ( Table 3 ). The addition of Cloisite 10A and Cloisite 20A in considerable quantities improves the thermal strength of polyurethane elastomers containing a lower amount of rigid segments in the polymer matrix. The analysis of the maxima on the derivative curve of % mass conservation as a function of temperature indicates the distinct increase of thermal stability obtained at the 350÷450°C temperature range.
For polyurethane systems containing a higher share of rigid segments -TPUh(10A) and TPUh(20A) -a considerable improvement of thermal stability was Figure 5 . % mass conservation and derivative dependence on temperature for TPUs and TPUs nanocomposites Figure 6 . % mass conservation and derivative dependence on temperature for TPUh and TPUh nanocomposites also registered. It is worth noticing that the improvements in thermal stability are visible especially in the early stage of the sample decomposition to gaseous products. 5% mass loss for TPUh(10A) system is observed at 335.1°C temperature, 9.3°C higher than for the TPUh sample. For the TPUh(20A) nanocomposite, the shifting of the temperature at which a 5% mass is lost was recorded to be 12.4°C higher compared to the unmodified system. In the case of nanocomposites with rigid segments, the distinct improvement of thermal stability within flexible segments was not observed. It is noticeable, however, a difference in thermal stability, especially in an early stage of decomposition, between TPUs and TPUh systems. It is related to a lower amount of thermally weaker urethane bond occurring in the TPUs sample, which causes a higher thermal resistance in this type of system. Comparing the different nanofillers applied to the modification of polyurethane, it was noticed that, regarding thermal stability, it seems to be favorable to use Cloisite 20A. Nonetheless, both nanoclays used to prepare the polyurethane systems produced the desired effect on the thermal properties of the obtained products.
Mechanical properties
For all the prepared nanocomposite systems strength experiments were performed. The most distinct reinforcement effect of nanofiller particles was observed in their extension measurements. For a more elastic polyurethane matrix, containing 1% Cloisite 10A -TPUs(10A), an improvement of the stress at break of up to 10 MPa compared to the unmodified polyurethane was obtained (Table 4) . When the second nanofiller (Cloisite 20A) was added to a system containing a lower amount of rigid segments, the stress at break was equal to 41.2 MPa (Table 4 ). This value is 8 MPa higher than that for pure thermoplastic polyurethane (TPUs). With the increase of the stress needed to break the samples, a relative elongation at breakincrease of the elongation at break was not observed. TPUs(10A) and TPUs(20A) reveal negligibly lower values for the maximal relative elongation at break (Figure 7a ). This means that the nanofillers influence on the polyurethane matrix results in it stiffening. In a system containing a higher amount of rigid segments, an improvement of the mechanical properties of the samples was also observed as a consequence of organoclay addition. The highest value of stress at break was registered for the TPUh(10A) sample and equals to 46.7, 14.1 MPa higher than for the TPUh system without a nanofiller (Table 4 , Figure 7b) . Compared to the pure polyurethane, the stress at break for TPUh(20A) containing Cloisite 20A increases up to 11.2 MPa (Table 4 ). Polyure thanes modified by nanofillers, with a higher amount of rigid segments, exhibit a lower relative elongation at break in comparison with their pure reference materials. Therefore, the addition of nanofiller particles to thermoplastic polyurethanes caused an increase in the intensity of the stress needed to break the sample and a negligible decrease of the maximal relative elongation at break. A greater improvement in strength properties is observed when the Cloisite 10A nanofiller is added to the polyurethane matrix (Figure#7a, b) . It can be caused by a higher compatibility of this nanofiller towards polyurethane chains. Also, the dispersion rate of the particles very sensitively influences the mechanical properties of the polyure thane nanocomposites, and, related with this, the functional features of the materials obtained.
X-ray diffraction (XRD)
The X-ray diffraction method is able to describe the degree of nanofiller intercalation between polymer chains and to indicate what kind of dispersive system was obtained. The diffraction spectra of Cloisite 10A and Cloisite 20A made an estimation of the nanocomposite interlayer distances possible (Table 5) . Pure, unmodified montmorillonite (MMT) has a diffractive maximum at 2# = 6.8° which belongs to a distance between galleries equal to 1.28 nm. Organically modified montmorillonites (Cloisite 10A and Cloisite 20A) have therefore much wider galleries compared with pure MMT. The increase of interlayer spaces allows polymer chains to penetrate more easily into the nanofiller plates. Pure polyure thanes in the 2# = 1÷10° angle range have no diffractive maxima (Figure#8a, b) . Therefore, the degree of semicrystallinity of the obtained polyurethane elastomers is difficult to estimate using diffractive methods. On that, the XRD analysis points to amorphous polyure thane systems. For TPUs(10A), a distinct diffractive maximum shifting towards lower angles is observed, which means that the interlayer space between the MMT plates increases from 1.86 nm to 3.32 nm (Figure 8a ). The TPUh(10A) nanocomposite, characterized by a more rigid polymer matrix and containing Cloisite 10A, presents a diffractive maximum at 2# = 2.75°. It belongs to a broadening of the nanoclay galleries to about 1.35 nm. Additionally, for this sample, the decrease of the diffractive maximum intensity was observed. This is probably related to the partial exfoliation process of the nanofiller in the polyurethane matrix. In the X-ray spectra of nanocomposites with Cloisite 10A a second, less intensive, diffractive maximum also occurs at 2# ( 5.2°, which is connected with the next diffraction order -d(002). For TPUs(20A) obtained using the second nano filler, which was in this case incorporated to a more elastic polyurethane matrix, a diffractive maximum shifting d(001) from 2.48 to 3.46° was observed (Table 5 , Figure 8b ). A similar 2# angle value was estimated for TPUh(20A) -the interlayer space in this sample increases to 3.57 nm. Cloisite 20A maxima (2# = 3.6°) presents a higher intensity than nanocomposites obtained from the second type of nanofiller. In this case, it seems that the polyure thane chains pene- Figure 8 . X-ray spectra of polyurethane nanocomposites and its pure reference materials trate the Cloisite 10A nanofiller plates to a more considerable degree. This is related to the higher interlayer spaces observed for this kind of nanoclay. According to the X-ray spectra of the polyurethanes modified by nanofillers, the resulting nanocomposites present an intercalated structure.
Conclusions
Polyurethane/OMMT nanocomposites were prepared by a two-step process using MDI, 1,4-BD, Polyol and modified MMT. The effect of the addition of 1% nanofiller (Cloisite 10A and Cloisite 20A) over the polyurethane matrix containing a different quantity of stiff segments was studied. The DSC results showed a slight increase of the melting temperature with Cloisite loading. For nanocomposites with a more elastic polyurethane matrix (TPUs), it was observed that the addition of organically modified aluminosilicates affected the rubbery region of the systems. The study of the mechanical strength shows a clear increase of this parameter after the application of a nanofiller to the polyurethane matrix. In the best case, a 43% higher stress at break was attained for TPUh(10A) respect to the mechanical resistance of TPUh. The systems containing nanofillers were observed to possess a higher viscosity compared to their unmodified equivalents. In part, this is an indicator of the degree of dispersion and the interaction of the nanofiller particles in the polyurethane matrix. The study of the thermal stability confirmed that the nanocomposites are thermally more stable than the unmodified systems. A non-significant better thermal stability was observed when the nanofiller Cloisite 20A was used. The Xray analysis indicated exfoliation (for the Cloisite 10A nanoclay) and an intercalated structure in the nanocomposites containing Cloisite 20A. The obtained results confirm a higher compatibility of Cloisite 10A
with the polyurethane matrix in comparison with the other nanofiller introduced. 
